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Abstract 

"Aanslalion InRtatioii Is regulated In response to 
mrtff ent avaOabOity and mttogenlc stimulafion and Is 
ooiq>led wttft cefl cycle progression and cen growth* 
Several alterations In translational control occur In 
cancer. Variant mRNA sequences can alter the 
tran^ond effl^ency off IndMduai mRNA moieeiries, 
which lim pteqr a role In cancer Molooy. Oianges in 
the expression or avallabUHy of components of the 
transMonai madilnery and In the acthration of 
translation through signal transduction pathways can 
lead to mora glottal changes, such as an increase In 
the overft rato of protein synthesis and translational 
activation of ^ mRNA molecules Involved In cell 
ffowth and proliferation. We review the basic 
principles of translafional control, the aftmtions 
encountered hi canco", and selected therapies 
tarc^g translation IniHatlDn to help elucidate new 
therapeutic avemiee. 

Introductfon 

The hjndam^ital principle of molecular therapeutics in can- 
cer is to exploit the differences In gene expression between 
cancer cells and normal cells. With the advent of cDNA annay 
technology, most eflbrts have concentrated on Identffying 
differences In gens expression at the level of mmA, whl(^ 
can be attributable either to DNA amplification or to differ- 
ences In tnanscrlptlon. Qene expression is quite complicated, 
however, and is also regulated at the level of mRNA stability, 
mRNA translation, and proton stability. 

The power of translational regulation has been best mcog- 
nized among developmental biologists, t)ecausa transcription 
does not occur in early embryogenesis in eukaryoles. Fbr ex- 
ample, in Xmopus, the period of transcr^atlonal quiescence 
continues untU the embryo reaches m!dl)!astula tnansltton, the 
40CM)K»a staga Therefore, aU necessary rnRNA molecules are 
transcribed durhg oogenesis and stod^piled in a trnisf atlonally 
Inactive, masked form. The mRNA are translationally activated 
at appropriate times during oo^e maturation, fertilization, and 



ettiy e mbryogenesis and thue, are under strict translational 
control 

Translation has an established role in cell gmwth. Basl- 
caHy* an increase In protein synttiesis occurs as a conse- 
quence of mltogenesls. Untn recently, however, Tfttle was 
known about the alteratkins &i mRNA translation fn cancer, 
and much Is yet to be jdlscovered about their nto in the 
development and progr^on of cancer. I^ere we raylew the 
basic principles of Iranslationai control, the alterations en- 
countered In cancer, and selected thereto targeting transla- 
tion Inmatkjn to elucMate potential new therapeutic avenues. 

Basic Principles of TVanslational Control 

Mechanism of THm^anon InWaUm 

Translation initiation fethe main step in translatk^ regutetion* 
Translation bift^tkm is a cornplex proce^ in vvhteh the Initio 
tRNA and the 40S and 608 ritxKomal subunHs are lecndted to 
the 5' end of a mRNA rnolecute and assembled by euksffyotio 
translation InffiaHcm factors Into an SOS ilbosome at tiie start 
codon of the mRNA (F^ 1). The 5' end of eukaryotic mWA is 
capped, la^ contains ttw cap stmcture m^GpppN (THnethyi- 
guanosfrie-triphospho-S'-ribonudeosIde). Most translation in 
eitoryotes occurs In a ca|>dependent fashloa ila, thecap is 
spedfteally reoogrH^ed by the elF4E,^ which binds the 5' cap. 
The elF4F translation tnitialion complex is then formed by ^e 
assemt^ of elF4E, the RIMA heDCase elF4A, and eIF4a a 
scafiicrfdlng proteih that mediates the blnd^ 
soma! subunR to the mRIMA mc^ecule thnot^ impaction with 
the elF3 protdn present on the 40S ribosonria eIF4A and elF4B 
pa7tic^)ate iri nrielti]^ the secondary structure ol the 5' UTR (tf 
the mRNA. The 43S Initiation complex (40S/eIF2/M^-tRiW 
OTP oompte)0 scans the mRNA in a 6'-»3' dbecHon until it 
encounters an AUG start oodon. This start codon Is then base- 
paired to the antkx)don of initiator tRNA. fbrming the 48S bim- 
atk)n corrptex. The Wtlatlon factors are then displaced from the 
48S complex, and the 60S ribosome joins to fonn the SOS 
ribosoma 

UnRke most eukaryotic translation, transietion Inidaeon of 
certain mRNAs, such as the pioomaviros RNA, is cap Inde- 
pendent and occurs by Internal ribosome oUry. This mecha- 
nism does not reqidra eiF4E Other the 43S cmplex can bbid 
the Initiatton codon dlrecHy ttvough Interaction with the IRES in 
the 5' UTR sudi as in the encephalomyocarditis viruSi or it can 
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Transla4ianinltIattonlneukaryote3.T1ie4E-BPsarehype^^ 
gtogiated to retease elF4E so that tt can Irtera^ 
eWln^on complex is a39^blec». TTie tntoreoUon of po^(A) binding 
potejii wBh ttie ?nWatlon complex and drcutartzatlon of tho mRNA Is not 

th© 40S ribosomal subunit b bound td elF3» and the ternary comnlax 
OT^togof e}F2. QTP, and the Met-tRNAaierecmftedtothe njRNA.T^ 
rawomo scans th© mRNA fn a 5'-^' direction untn an AUO start oodon 
» found in the appropriate sequence context Tlio InHtatfon factors m 
released, and the (aiQO ribosomal subunft Is fooniRed. 



Wllally attach to the IRES and then reach the initiation codon by 
scanning or transfer, as is the case with the poliovirus (1). 

Regulation of Tmnstaeon InUatlon 
^nanslatlon fnitiaHon tan be regulated by alterations in the 
expression or phosphorylation stahis of the various fectors 
Inwived. Key components In translatlonal regulation that 
may provide potential therapeutic targets Ibllow, 

elF4& elF4E plays a central role In translation regulation, 
it Is the least abundant of the initiation fectors and is con- 
sidered the rate-llmiHng component lor InltlaHon of cap- 
dependenl tianslatlon. eiRE may also be Involved In mRNA 
splicing. mRi^ 3' processing, and mRNA nudeocytoplas- 
mic transport (2). elF4E expression can be Increased at the 
tiBnscrtptlonaJ level In response to serum or growth factors 
(3), elF4E overexpresslon may cause preferential translation 
of mRNAs containing excessive secondary structure bi their 
5' UTR that are nonmaliy discriminated against by the trans- 



latfonal madilnery and thus are Inefflclentty translated (4-7). 
As examples of this, overaxprsssion of elF4E promotes In- 
creased translation of vascular endothelial growth factor, 
fibroblast growth feclor-2, and cyclln D1 8, 9). 

Another mechanism of cwitrol b ttie regulaflon of elF4E 
phosphorylation. elF4E phosphorylation mediated by tho 
mitogen-acthraled protein idnase-lntoaotbig kinase 1, which 
Is acthmted by the mitogen-acllva^ pathwE^ actlvatInQ 
extracellular signal-felaled kinases and the stress-activated 
pathway acting through p38 nrrftogen-acUvated protebi ki- 
nase (10-13). Several mitogens, such as senjm, platelel- 
derlved growth factor, epWenmal growth factor, insulin, 
angiotensin II, src kinase overexpresslon, and ras over- 
expresston, lead to eIF4E phosphorylation (14). Tlie phos- 
phorylaflon status of elF4E is usually conelaled witti the 
tnmslafional rate and growth statue of the cell; however; 
elF4E phosphoiytation has also been observed In response 
to some cellular stresses when translatlonal rates actually 
decrease (15). Thus, lurtha' study Is needed to understand 
the effects of elF4E phosphorylation on eIF4E activfly. 

Anottw mechanism of ragulBtbn Is the aftenoHon of eIF4E 
availalMll^ by the binding of elF4E to the elF4&*Jndlng pro- 
t^ (4E-BP, also known as PHAS-I). 4E^P8 compete with 
eIF4G for a bincfing site In elF4E. The binding of elF4E to the 
Ijesl characterized elF4E-bindlng protein, 4E-BP1, Is regu- 
lated by 4E-BP1 phosphorylation. Hypophosptoylated 4E- 
BP1 Wmte to eiF4^ whereas 4E-BP1 hyperphost^KMytatton 
decreases this binding. Insulin, ar^lotensln, • epidermal 
growth factor. platelet-<lerived growth facfor, hepatocyte 
growth factor, nervegrowth factor, lnsulIn-IS» growth factors 
I and B, Interieukin 3, firanukx;yte-macroptwge colony-sttm- 
ulating factor + steel factor, gastrin, and the adenovirus have 
all been reported to induce phosphoryJaHon of 4E-BP1 and 
to decrease the abUily of 4E-BP1 to bind elF4E (15, 16). 
Conversely, deprivation of nutrients or growth factm resuHs 
in 4E-BP1 depho^phorylation, an increase in elF4E binding, 
and a decrease in cap-dependent translation. 

p70S6 Kinase. Phosphorylatton of ribosomal 40S protein 
S8 by S6K Is thought to play an Important role In tmnslatlonal 
regulatton. S6K mouse embryonfe cells proliferate more 
slowly than do parental cells, demonstrating that S6K has a 
positive Influence on cefl pronferatlon (1 7). S6K r^ulates the 
translation of a group of mRIMAs possessing a 5' tenninal 
ol|gopyr!midfrietract{5'TOP)foundatthe5' umof rlboa 
protdn mRNAs and other mRNAs coding for components of 
the tran^ona) machinery. Phosphorylatton of S6K regu- 
lated In part based on the avaBablilly of nutrients (IM^and Is 
stimulated by several growth factors, such as r^let-derlved 
gowth factor and Ir^Ih-nkB growth factor I {20). 

elF2a Pho^hotytaaon, The binding of the Initiator tRNA 
to the small nl)osomal unit is mediated by translatton Initia- 
tion factor eIF2. Phosphorylation of the o-subunlt of elF2 
prevents fomwtton of the elF2/GTP/Met-tRNA complex and 
inhibits gloted protein synthesfe (21, 22^ elF2a Is phospho- 
rylated under a varied of conditfons, such as viral infection, 
nutrient d^)rlvatk)n. heme deprivation, and apoptosis (22). 
elF2a is phosphorytaled by heme-regulated frihlbftor, nutrient- 
regulated protein kinase, and the IFN-lnduoed, double- 
stranded RNA-activated protein kinase (PKa- Ref. 2^. 



The mTOR Signaling Ratliway. The macrotUe antiUotlc 
rapamycbi (^Mimis; Wyelh-Ayersi Research, CoBegevHle, 
PA) has been ttie sut:t|ect of Intensive study because ft In- 
Mb9s signal transduction pathways Involved In T-ceJI activa- 
tion. The rapamycln-sensltlve componmrt of these pathways 
Is mTOR (also caHed FRAP or RAFT1). mTOR Is the mam- 
malian homok)gue of the yeast TOR proteins that regulate 
progression and translation In response to nutrient avallabll- 
lly {2-9. mTOR Is a serine^raonlne idnase that modulates 
translation InfflaHon by altering the phosphor^atlon status of 
4E-BP1 and S6K (Rg. 2; Ref. 25). 

4&BP1 Is pho^horyteted on muWpIo residues. mTOR phoe- 
plwrylales the Thr-37 and Tlv-48 residues of 4MP1 *i 
(2Bh hovvev^.phospto^on at these sites Is not as 
with a loss of tiF4E bMig. PhosphoiylaBon of Thp«7 and 
Ttawte Is leqiAnsd for subsec^ierit pho^3horyl^ 
CCX>H-lermInalp senim-sen^tive sftes; a comt^natfon of these 
r^iosphofylal!^ events appears to be needed to litilbit the 
bMIng of 4EaP1 to elF4E^ The product of the ATM gene, 
psa/MSKI patfiway, and protein kinase Co* also pl^ a lole In 
4E-BP1 frfiosphorytettion ^7^. 

SGKand 4E-BP1 are also regulated, in part, by PI3K and Its 
downstream protein Wnase Akt PTCN Is a phosphatase that 
negatively regulates PI3K signaling. FTEN nufl cells have 
oonstltutlvely active of Akt, with Increased S6K activity and 
S6 phosphorylatkm (30). S6K activity Is Inhibited both by 
PI3K Inhlbitons wortmannin and LY294002 and by mTOR 
inhibitor rapamycin (2^ Akt phosphoryiates Ser-2446 in 
mTOR in vit(o, and this site Is phosphoryialed upon Akt 
activatkx) A) vto (31-33). Thus, mTOR Is regulated tiy the 
PI3K^Akt pathway; however, this does liot appear to be the 
only mode of regulaHon of mTOR activity. Whether the PiSK 
pathway also regulates S6K and 4£-BP1 phosphorylatbn 
independent of mTOR is controversial. 

Interestingly, mTOR aulophosphorylation Is kdodced by wort- 
nannin but not by rapan^dn (34). Thte seeming inoonsble^ 
suggests that mTOR-'Tesponslve reguiatfon of 4E-BP1 and S6K 
activity occurs Vtmugh a mechanism other than Intrinsic mTOR 
Wnaseacllvlty.Ana!tematepatt!wayfor4E-BP1 andSSK phos- 
phorylation by mTOR activity Is by the Inhibition of a phospha- 
tase. Treatment with calycuiin A, an Inhibitor of ptiosphsOases 1 
and 2A, reduces rapamyc^n-lnduced depho8phoryi£dk>n of 4E- 
BP1 and S6K by rapamycin tag. PP2Alnt»act8 with fuB-ler^ 
S6K iMJt not wim a S6K mutant that is resistant to dephospho- 
ryiatlon resulting ftom ropamydn. mTOR phosphoryiates PP2A 
fn vflro; however, how this process alters PP2A activity is not 
known. These results are con^stent with the model that phos- 
phorylation of a phosphatase t)y mTOR prevents depho^ho- 
rylation of 4E-BP1 and S6K, and conversely, that nutrient dep- 
rivatton and rapamycin bk)ck inhibition of the phosphatase by 
mTOR. 

Polyadensrfation. The poIy(A) tail In eukaryotlc mRMA Is 
Important In enhancing translatton inltlallon and mRNA sta- 
bility. Polyadenyiation plays a key R3ls In regulating gene 
expression during oogenesis and early embryogenesls. 
Some mRNA that are translatkmally Inactive in the oocyte are 
polyadenylated concontontly with translatlonal activation In 
oocyte nrvaturatton, whereas other mRI^ that are transla- 
ttonaliy acthfe during oogene^ are deadenyiated and trans* 
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lationally silenced Thus, control of poly(^ taU syn- 

thesis is an Important regulatory step In gene expression. 
The 5' cap and poIy((^ taH are thought to function synergls- 
tically to regulate mRNA transitional efficiency (39, 

RNA Packaging. Most RislA-blndIng proteins are assem- 
bled on a transcript at the time of transcription, thus deter^ 
mining the transiatlonai fate of the transcript (41). A highly 
oonsenfedlEmfiily of Y-box proteins is fnind In cytoplasmic 
messenger ribonudeoprotebi psffticies, where the proteins 
are thought to jrfay a role fri restricting the recruitment of 
mRMA to the translatlonal machln«y (41-43). The major 
mRNA-assoclaled protein, YB-1, destabflbes the Interaction 
of eIRE and the 5' mRlsiA cap in vffro, and overexpiesslon of 
YB-1 results In translatlonal repression In vhfo (4^ Thus, 
alterations in RNA pacl^aglng can also play an important role 
In treuislatlonal regulation. 

Translation iterations Encountered In Cancer 

Three main altOTlions at the transiatlonai level ocaar In cancer: 
variations in mRlNJA sequences that increase or decrease trans- 
lalkMial efRdaicy, changes In the expression or avallabiniy of 
components of the translatlonal machinery, and actfvatton of 
translation through at>enantiy activated signal transduction 
pathways. The first aJteraflon affects the translation of a^ 
vWual mfWA that may play a role In candnogenesls. The sec- 
ond and thM alterations can lead to more global diaiiges, such 
as an increase In the ovarae ralB of protein synthesis, and the 
translatlonal acth/ation of several mFUsiA ^Kdes. 

VariaUons fn mRNA Sequence 
Variations in mRNA sequence affect the translationed efR- 
dency of the transcript A brief description of these variations 
and examples of each mechanism follow. 

Mutations. Mutations In the mFV^ sequence, especially 
In the S' UTR, can after Its translatlonal efficiency, as seen In 
the following examples. 
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o-mya Sattoeta/.propcsedthmtransia^ 
^/rIKD terepTBssed, whereas In sevaraf Burkitt lymrtfiomas 
ftat havedel^onsof the mRNAS' UTR, tiansMon erf c-myc 
b more efilclem (45). Mom recently, ft was reported ^ 
5' UTR of c-myc contabis an IRES, and thie c-f^ 
fion can be Initiated Isy a cap-lndependwt aa well as a 
cap-d^wident mediantsm (46, 47). In patients with muJUple 
myel(»na, a O-^T mutation In the OHfnyc IRES was idenSfled 

(48) and (bund to cause an enhanced InHlation of transl^^ 
via Intoma! ribosomal entry (49). 

BRCA1, Asomalfc po&it mutation (117 Cr->Q in posWon 
-3 respect to the start codon of the BflG47 gene was 
fdentifled In a highly ag^esslve sporadic breast cancer (5(9. 
Chimeric cor^tmcts consisting of the wild-type or mutated 
HRCAI 5' Um and a downstream lucHerase r^xiiter dem- 
onstrated adecrease b> the tianslational efficiency with tt^ 
UTR mutatforu 

<^cIln'depon(§entlGnaseltthn^2A. Some Inherited 
melanoma Idndreds have a Q->T transverslon at base -34 
of cycOn-dependent Idnase lnhfbltor-2A, which encodes a 
cydln-dependent Idnase 4/cyclln-dependent kinase 6 kinase 
Wilbftor Important in checkpoint regulation {51), This 
mutatkm^gives rise to a novel AUQ translation Init^n 
oodon, creating an. upstream open reading frame that cc»n- 
psles for scanning rfbosomes and decreases translation 
fiom the wtti-type AUQ. 

AKemate SpBcfng and Alternate Transcription start 
^es. Alterafions In splicing and altemate transcrlptkwi sites 
can lead to variatkms In 5' Um sequence, length, and second 
ary stmctur^ ultimately inv)actl^ 

ATM, The ATM gene has four rKmcodir^ exons in its 5' 
UTR that undergo extensive altemaUve splidng pQ. The 
contents of 12 different 5' IHRs that show considerable 
diversity In length and sequence have been Identified. These 
divergent 5' leader sequences play an tmporlanl role In the 
translationai regutatton of the ATM gene. 

mdm, fn a subset of tumors, overexpresslon of the onco- 
protein mdm2 results in enhanced teanslatton of the mdm2 
(vBWl Use of different promoters leads to two mdm2 tran- 
scripts that differ only in their 5' leaders (53). The tonger 5' 
Um contains two upstream open reading fifames, and this 
mRNA is loaded with rfbosomes inefficiently compared with 
the short 5' UTR. 

flBCAt. In a normal mammary gland, S8CAT mRNA Is 
expressed wth a shorter leader sequence (5'UTR^, whereas 
In sporadic breast cancertlssue, BRGAt mRNA Is expressed 
with a longer leader sequwioe (5' UTRb); the translationai 
efficiency of transafpts containing 5' UTRb Is 1 0 times lower 
than that of transcripts containing 5' UTRa (6^ 

Tf^fiX 7^F-03mRNAihctudesa1«1-kb5'UTR,whteh 
exerts an inhibitory effect on translatkm. Many human breast 
cancer ceB Hnes contain a nov^ 7^p3 transcript with a 5' 
UTR that Is 870 nucleotides shorty- and has a 7-fbId greater 
translationai efRctency tfian the normal TGF-p3 mRNA p5). 

Altemate Polyadenytatlon SRb& Multiple polyadenyl* 
ation signals leading to the generation of several transcripts 
imth differing 3' UTR have been descnbed for several mRNA 
species, such as ttie fiET proto-oncogene pQ, ATM gene 
«K), tissue inhibitor of metanoprotelnase^^ (57), RHOA 



proto-oncogene $5^, and calmodulW p9). Although the 
effect of these altemale 3' UTRs on translation Is not yet 
known, they may be Important In RNA-proteIn hteractkwis 
that affect translationai recaritment The role of these alter- 
attons fn cancer devetopment and progrBsstoh Is unknown- 



TrwwtoUon Mschln^ 

AlteraSons In the components of transSaOon machinery can 
take many fonns. 
Overexpresssion of elF4E. Overexpresslon of elF4E 

causes mafignan* translonnatkjn In rodent cells (60) and the 
doegulatksn of HeLa cell growth (B1). Pofunovsky ef ail ^) 

found that elF4E overexpres^ substitutes for serum and 
IndMdual growth factors In preserving viability of filmblasts, 
wMdi suggests that elf^E can mediate both proKferatlve and 
survival slgr^g. 

Bevated levels of elF4£ mRNA have been found In abroad 
spectrum of transfiCNrmed oeU lines (63). elf=4E levels are 
elevated in all ductal carcinoma Ai sfti spedmens and Inva- 
shre ductal canjinomas, compared with benign breast spec- 
imens evaluated with Western blot analysis (64, 6^. Prelim- 
inary studies suggest that this overaxpresskm is attributable 
to gene amj^Hteation ^ 

There are accunmMig data siiggestlhg that elF^ 
pie^i can be valuable as a prognostk: marker. en=4e ovar- 
eixf»essk)n was found fnaretTDspeclive study to bearnarker of 
poor prognosis In stages I to 111 breast carcinoma (67)b Verifica- 
tion of the pro^wstte value of ell=4e In kjieast cancer is now 
under vray brt a prospeclh^e trial ^7). However, m a different 
study, elF4E expres^on was coni^ated wllh the aggressive 
behavtor of non4todgkln's lyn^jfwjmas (6®. In a proepecfive 
analysis of paliehts with head and neck cancer, elevated levels 
of elF4E In hfstotoglcalVtumQr^ree surgk;al margins predated 
a slgnSficant^ Increased risk of kxxtkegkx^ lecunence 
These resulls aB suggest that e1F4E overrotpressItMi can be 
used to select patients who might benefit from more aggressive 
syslemte therapy. Rffthennwxe, the head and neck cancer dala 
suggest that elF4E overaxpresslon Is a fleW defect and can be 
used to guUe kx:a] ttierapy. 

Alterefions In Ottier Initiation Factors. /Mt«raHons In a 
numk)er of otiier Initiation factors have been associated wltti 
cancer. Overproduction of eIF4Q, similar to elF4e, leads to 
malignant transfonnation !n vitro (eg). elF-2a Is found In 
Increased levels In bronchloloah^eolar carcinomas of the lung 
(3). Initiation factor eIF-4A1 Is overexpressed ki melanoma 
(70) and hepatooeltuiar carcinoma (71). The p40 subunft of 
translation Initiation factor 3 Is amplified and ovemxpressed 
in breast and prostate cancer (72), and theelF3-pl 10 subunit 
Is overexpressed In testteular seminoma (73). The role that 
overexpresston of these Initfatlon fetctors plays on the devel- 
opment and progres^n of cancer. If any, is not knovim. 

Overacpiesslon of 8«C S6K Is ampllfted and highly 
overaxpressed In the MCF7 breast cancer cell line, com- 
pared Mrfth nomnal mammary epithelium (7^. In a study by 
Bailund et al. (74). S6K was amplified In 59 of 668 primary 
breast tumors, and a statistically signlficam association was 
observed between ampllflcatton and poor prognosis. 



Ovmxpresston of PAP. PAP cataSy^ 3' poV(^ syn- 
thesis. PAP b overexpressed in human cancer ceBs com- 
pared wfth nomial and v!rally transfomied oeHs (7^. PAP 
enzynurtlG actfvfty in t»east timK>r^ 
PAP prot^ leveb (76) and. In mammsuy tumOT cytosols, was 
found to be an rndep^entfactorfor predicting sundval 
Utile Is larawn, howev^, about how PAP 6}(pres8k)n or ao- 
iivity affects the transtatlonai pfofilGL 

AlteratlomlnRIIA-bfndingProtelna. Eventesslslaiown 
aboiAaHemtions b packaging In cancer. Increased ex- 
pression and nuctear focallzatlon of the RNA-UndIng protein 
YB-1 am Incficatore ctf a poor prognosis for bre*ast cane* 
rm-^niaO 0^ lung cancer (71$, and OA/art^ 
eyrar, this eff^ may be mediated ^ least frY part at the lev^ of 
tianscrlption> because YB*1 Increases chemoresbta^ 
hanc^ the tnanscriptlon of a muttkjimg le^lstEa^ 



AcHvafUon of&§na! Transduce Pathways 
Acth/a^ of e^nal trraisduction pathways bss of tumor 
suppressor genes or oveiexptee^ of certedn tyrosine 
can cwTtributo to the growth and aggressiveness of tumors. An 
bi^xartan^nmitant In human cancers ts the tumor s&qjpres^ 
gene PTBtf, whk:h leads to the Bct^/ation of the Pf3K/M 
wgy. Activation of Pi3K and Akt Induces the oncoger^ tneufis- 
fbnriathxi of c^&ten embryo fibroWa^ 
show consfflutlve phosphoTtatlon of S6K and of 4&BP1 
A mutant Akt ttiat rstahs kinase activity but does not phos- 
phoiylate S6Kor4&BP1 does not transfonn fibroblast^ which 
suggests a ooiretatbn between the oncogmilo&y of Pi3K and 
Aktandthephosphorylal]onofS6Kand4&BP1 (B1). 

Several tyrosine kinases such as platelet-derived grovimi 
factor* InsuHn-Uke growth f^u:tor. HERS^ieu, and epidermal 
grovirth factCH' receptor are overexpressed In cancer. Be- 
cause these kinases activate downstream sl^ia! transduc* 
tion pathway known to alter translation Inttiatkm. activ^^ 
of translatk>n Is likely to contribute to the growth and e^giBS- 
siveness of these tumors. Furthermore, the mRNA for many 
of these kinases themselves are under translational control. 
For example, HER2/neu mRNA Is translationally controlled 
both by a short upstream open reading frame that represses 
HER2/neu translation in a ceil type-independent manner and 
by a distinct cell type-dependent mechanism that Incraases 
translattonal elffclency HER2/neu translation is different 
In transfbmned and normal cells. Ihus, it Is pos^ble that 
alterations at the transtaHonal level can in part account for 
the discrepancy between HE^2/neu gene amplKteatlon de- 
tected by fluorescence /ns^ hybridization and protein levels 
detected by immunohlstochemteai assays. 



Tfanslatlon Targets of Selected Cano^ Therapy 
Components of the translatton machinery and signal path- 
ways involved In the activation of translatton Inltlatkm repre- 
sent good targets for cancer therapy. 

Targating the mnn ^ffiaOng fiamway: RapamytOn 
and TimstaUn 

Rapamydn Inhibits the proliferation of lymphocytes, it was 
InitlBlly devek^ped as an Immunosuppressive dnig for organ 



transplantation. Rapamydn with FKBP 12 {Fl«06-blndlng 
protein, M, 12,00q) binds to mTOR to inhibit Rs functloa 

Rapamydn causes a smaD but slgnlfk^nt reduction in th© 
Inmatton rale of protein synthe* {93^. It blocks cdi growth In 
part by bk>cking S6 phos^^K>rylatk)n and selectively st^ 
pressing the translatton of 5' TOP mRNAs. such as ribosomai 
proteins, and etongatlon favors (B3*8^ Rapamydn also 
btocks 4E-BP1 phosphorylatton and inhibits cap-dependent 
but not cap-Independent translatton (17» 80). 

The raparnydn-sen^tlve transduction pa&iway, acti> 
vated durir^ niailgrwit transfonna9k»i and ctficer progresstorv 
is now bdng studied as a target ftr cancer therapy R08- 
tate, breasi, smaB ceO lui« gitoblastomar melanoma^ and T-oeQ 
leukemb are among the earner Ones most sensitive Id ttte 
rapamydn anatogue CCI-779 (y\^^h-AyerBt Ftesearch; Ref, 
87). In itiabdcmTycosaramia c^ Bnes, rapamydn is elth^cy^ 
statto or cytodda), depending on the p53 status of the ceD; p53 
wikHype oeHs treated with rE^samyc&i arrest In the Q, phase 
and ma&fttalnthdr.viabiGlyi whereas p63 mutant ceBs aocumu- 
latefttQi andundergoapoptosls(B8,8S).lnarecailtyrBported 
study using human primitive neuroectoderrmd tumor and 
rr^UUoblastoma models, rapamydn eodiibited more cytotox- 
k% in cornbinalkm vi4lh dsplatin and camptoth^ 
sfr^lo agent fri vto, Ca-7TO delayed yowth (rf xanogralte ty 
160% after 1 weekof therapy and 240% after 2 weeks. Adngfe 
hlgh-dose admlnlstralton caused a 37% decrease In tumor 
voluma Growth Irihibition Jir) vto was 
dsplaBn in cornblnatton with CX)i-779 than 
CK^ Thus, predlrtcal studies suggest ttiat repamydn ana- 
togi» are usdul as single agents and kk comt^nation with 
chemottterapy. 

Rapamydn analogues CCI-779 and RAD001 (Novaitis, 
Basel, Switzerland) are now in dintoal trials. Because of the 
known effect of rapaniydn on tymphopyte prollferatton, a 
potenttal problem witti rapamydn analogues b immunosup- 
presston. However, although protonged Immunosuppresston 
can result from rapamydn and CCI-779 ^mlntetered on 
continuous-dose schedules, the Immunosuppressive effects 
of rapamydn analogues resolve In --24 h after therapy 
(91). The prindpal toxicities of Ca-779 have induded der- 
matologlcal toxicity, myetosupprssston, infectton, mucositis, 
diarrhea, rever^ble elevations In Ihrer function tests, hyper- 
glycemia, hypokalemia, hypocalcemia, and depression (87, 
92-94). Phase II trials of CCI-779 have been conducted In 
advanced renal cell carcinoma and in stage ill/IV breast 
carcinoma patients who felled with prtor chemotherapy. In 
the results reported In abstract form, although there wm no 
complete responses, partial responses vrere documented In 
both renal cell carcinoma and In breast carcinoma 95). 
Thus, ca-779 has documented preliminary dinlcal acBvfty In 
a prevtoudy treated, unsdeded patient population. 

Active Investigation Is under way Into patient sdection for 
mTOR Inhibitors. Several studies have found an enhanced 
efRcacy of CCi-779 In PTB4-nu1l tumore ^0, 9Q. Anotiier 
study found tiiat dx of dght breast cancer cell lines were 
respondve to Ca-779, atRhough only two of tiiese lines 
lacked PTEN (97) Ibere was, however, a positive conelation 
between Akt activation and CCh779 sensHMty 07). This 
conrelation suggests that activation of the PI3K-Akt parthway. 
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regardless Of vi^ether ft Is aftributable to a P1EN mid 
tQ overaxpnss^n of receptor tyroslna kinases, makes can- 
cer cell amenable to mTOR-dlrected therapy. In contrast, 
bwerlovels of the tstfget of mTOft 4&eP1, are associated 
with rapamydn resistance; thus, a tower 4E-BP1/elF4E laHo 
may predict rapamydn naslstance (^). 

Another mode of activity for rapamydn and its anatogues 
appeaiB to t)e through Inhibition of anglogenesls. TMs acttv- 
me^ be txrth through dfrect Inhlbltlpn of endotheSai eel) 
proliferation as a resutt of mTOf^ Inhibition In these ceif s or by 
hhOditlon of translation of such proanglogenic izsitm as 
vascular endothelial growth foctor In timnor cells (99, lOC^ 

The anglogenesis Inhibitor tumstatin, another anticancer 
(irug currently under study, was also found iBcently to Inhibit 
transtetkm bi endothelial cells (101). Diroi^h a requlsBe tn» 
teraetlon with Integrin, tumstaUn Inhibits actlvatton of the 
PfSWAkt pathway and mTOR In endothelial cdb and pre- 
vents dissociation of elF4E from 4E-BP1, thereby Inhibiting 
cap-dependent translation. These findings suggest that en- 
dothelial cells are espedaOy sensitive to therapies targeting 
tii8 mTOR-sIgnallng pathway. 



mem also reduces the express of angiogenic factors (115) 
and has been proposed as a potential adjuvant therapy fbr head 
and neck cancers, partictilaily when devated dI=4E b foun^ 
surgical rnaigins. Snri^l molecule inhibited that bind the 
4&6P1-«fKJIng domdn of dRE m pfoapoptirito (116) ml 
are also t)elng actively pursued 



Bxplonii^SelecdyB Tiransiatton fdrOene Therapy 

A diff^)»it therap^jlio appnoadi that takes advantage of tha 
enharK:ed cap-depmient translatton In cancer cdls is the use 
of gene therapy vectors enoodfrig si&;lde genes wift h^ 

structured 5' UTR These ntRNA would thus be atacompetitlve 

disactonls^ in nonrmd cefls and not translate wdl whereas bi 

cancerodls^theywouldlrBiislatemoreefSdentfy. Fbrexan^, 

the Mroduclton of the 5^ IHR of (faotslast grow9) fsc^^ 

the coding sequence of fte^pes s&rpfex v*us 

Airtase gene, aSows for sdeclive tiari^dion of /rarpes 

vfrus fypo^l thynMie fdnase gene In breast cancer cdi Dnee 

con:^;>aied w^ norn^ rri^ruT)ary cdl fines and resets in se> 
fecHve sensitlvfty to gancidovbr(ii7). 



TargGiMg e!F2€e EPA, CMrimaxoh, 
andRavmolds 

EPA Is an polyunsaturated latty add found In the fish- 
liased dlete of poixilallons havfrig a kw Inddence of cancer 
(102). EPA Inhibits the proOfBiatton of cancer cdls (103), as 
wdl as In animal models (104. 105). It blocks cefl division by 
inhibiting translation initiation (105). EPA releases Ca?* from 
Intracdlular stores while Inhibiting thdr refining, thereby ac- 
tivating PKR, PKR, In turn phosph<»ytates and inhibits elP2o^ 
resulting in the Inhibition of protein synthesis at the level of 
translation Irrltlatlon. Similarly, dotrlmazole, a potent antijpiD- 
liferatlve agent At vitro and fti Wvo, inhibits ceil growth through 
deletion of stores, activation of PKR, and phospho- 
rylatton of elF2a (ITO). Consequently, dotrlmazde prefererv 
tiaily decreases the expression of cydlns A, E, and D1, 
resulting in blockage of the ceH ^e In G^. 

mda-T Is a novel tunrKM- suppressor gene bdng developed 
as a gene therapy agent. Adenoviral transfer of nrd^Z ^d- 
mdaT) Induces apoptosfs In many cancer cells Induding 
breast, colorectal, and lung c^cer (107-109). Ad-mda7 also 
Induces and activates PKR, whk^ leads to phosphorylatton 
of efF2a and Induction of apoptosfs (110). 

Fiavonolds such as genlstein and quercetin suppress tu- 
mor ceQ growth. All three mammalian etF2a kinases, PKR, 
home-regulated inhibitor, and PERK/PEK, are acttvated by 
fiavonolds, wWi phosphorylation of elF2a and Inhibliton of 
protdn synthesis (111). 

Targeting e!F4A ami alF4B AntisensB HAM 
andP^mies 

AnHsense e)cpres3lon of dF4A decreases the pioflferation rate 
ofmelanomacells(11l9.SequestrattonGfelF4EbyovereKpres- 
don of 4E^P1 is pitapoploBc and decreases tumorlgentelly 
(113, 114), Reduction of elF4E Vi/m antlsense RNA decreases 
soft agar growth. Increases tumor latency, and increases the 
nates of turner doubBhg limes 00. Anflsense d!^ RNA tretf^ 



Toward the Riture 

Thanslatton b a auctel process in every cdL However, sev^ 
alterations b trandaSond control occur in ccuicer. Canc^ 
appear to need ffii aberrantly activated ttanda&xid state ibr 
sivvivd, thus dicwlng the target^ 
surprtsfngly low toxk%. Components of the tianslalionai ma- 
chinery, such as dF4& and dgi^ transducdon pathways bf>- 
voived in trandatton ihi0atk)n, sudi mTOR, represent p^^ 
targets Ibr cancer theiBf^. InhiUtors of the mTOR hSMO afe^^ 
showri some prdlm^iary activi^ bi dirdcd trials, it Is posdble 
that with the devetopment of better predtetlve markers and 
bettor patient sdedfon, response rates to dngle-agent therapy 
can be Improved. Similar to other c^^tostaSc agents, however, 
mTOR inhibitors are most I9ceiy to achlevta dinteal uUGly In 
comt^nation tfierapy. In the interim, our Increaslrig ufKferet^ 
ing of tnandalfon InltialkKi and dgmd transduction pathways 
prontlse to lead to the idenlificaftto of new therapttJtte 
In the near future; 
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